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INTRODUCTION
The aim of this paper is to provide an introduction into the inertial motion analysis field, focusing its attention on the analysis that is performed using modern mechatronic inertial motion capture systems, highlighting both the advantages and drawbacks of using such a system and outlining the main constituent elements of these systems as well as the necessary steps to be carried out in order to be able to accomplish such analysis.
A modern mechatronic inertial motion analysis system's evolution it's based on the evolution of sensors from the initial phase of individual sensory elements to MEMS (Micro-Electro-MechanicalSystems) sensory network phase. Each inertial MEMS contains a combination of accelerometer, gyroscope, magnetometer and in some cases barometer, whose signals are processed, by a microcontroller, using advanced algorithms in order to provide accurate data regarding body's segments kinematics, global positioning and also regarding the atmospheric pressure and magnetic field. Those data are being transferred to a biomechanical model. These modern mechatronic inertial motion analysis systems provide real-time working capabilities, having the latency around 30ms and wireless communication. They also provide a sampling frequency and a update rate, which is a new approach to sensors signal processing, meaning that the MEMS's signal is sampled at very high frequencies (100Hz) and since the data cannot be transmitted wirelessly at this frequency, because, in this case, the frequency is around of 100Hz and we still need to maintain a high accuracy, those signals, from MEMS, are being stored and transmitted in an incremental form. If a wireless communication interruption occurs, the data is temporarily stored, by a central sensory unit, within the MEMS and sent in full when the connection is restored. Usually the range of those wireless systems it's approx. 20-50m and the sampling frequency of MEMS is approx. 1000Hz, while the transmission it's performed at a frequency between 60-240Hz.
According to their specifications, these modern mechatronic inertial motion analysis systems are providing immunity to magnetic distortion, due to an extremely important function, called Magnetic Field Mapper that allows for MEMS to be placed onto ferromagnetic surfaces (such as MEMS placed onto prosthetic areas, or props made of metal).
In the past decade, mechatronic inertial motion capture systems have seen an increase in the number of applications in the field of motion analysis for medicine, ergonomics and sports.
Despite its tremendous advantages, such as portability and real-time analysis capabilities, over alternative motion analysis systems [1-2], such as optical or mechanical systems, that based on external transmitters and/or video camera networks, restricting their use to special laboratory conditions and/or large workspace [3] [4] [5] [6] [7] [8] [9] [10] [11] , mechatronic inertial systems are not based on an external infrastructure, they present a major disadvantage, namely the positional drift. The estimation of the human subject body's segments positions and orientation, absolutely requires an initial calibration procedure, called "sensor to segment calibration", that starts from the positional and orientation information received from the MEMS network, which are then transferred onto a biomechanical (scaled) model of the human body. This calibration introduces errors that may affect performance as follows: a) First of all, the sensor-segment calibration is typically obtained by asking the subject to stand in a predetermined position (see Fig.1 ), which may be "N" type (neutral pose) or "T" type (the posture in which the arms are raised and collinear, forming together with the rest of the body the letter "T"). Each of these two positions presents some advantages and disadvantages. The "N" posture, as the name calls it, is neutral and thus relatively natural and easy to obtain and maintain, while, in the case of the "T" posture, the coordinate system of each body segment is aligned with the common coordinate system, of the analysis system, this posture being more difficult to obtain from the point of view of collinearity of the arms and their perpendicularity on the trunk, but also more difficult to maintain, as it imposes a high level neuro-muscular control on behalf of the human subject under analysis. Also, the "T" posture allows for high accuracy in what concerns the position of the shoulders. There are some systems that are allowing the calibration with the subject positioned in the posture "A", which represents a compromise between the two above mentioned postures, being closer to the natural and easier to maintain, than the "T" posture and to the same extent allowing for a more precise scaling than the "N" posture.
The postural fluctuations of the human subject, subjected to analysis, are an important source of errors, since the predetermined positions imposed on it, during the calibration process, are difficult to control and maintain, even for short periods of time, leading to orientation errors which can exceed 5 degrees. The overall accuracy of this type of motion analysis system is significantly affected by the electromagnetic distortions and calibration errors of MEMS's magnetometer. c) Thirdly, the biomechanical model has limited accuracy when applied to a wide range of subjects. Model scaling imperfections and inaccurate estimates of MEMS's locations on body parts of the individual under analysis, are other sources of error affecting the overall precision.
The short-term changes in the orientation are captured accurately by the gyroscopic sensor, while the accelerometer and magnetometer sensors provide longterm stability. Precision depends both on the quality of sensor's calibration and on environmental conditions. Tilt estimation may be distorted by long-term accelerations, while position estimation may be adversely affected by electromagnetic disturbances generated, for example, by the reinforcement present into the enclosure's walls, or neighboring electronic equipment.
In recent years, inductive motion analysis systems developers, have made special efforts to improve these systems, with efforts being particularly directed to overcoming the major sources of errors in these inertial systems to provide an accurate and consistent solution.
The most advanced inertial motion analysis systems, are combining the data received from the MEMS network, with advanced biomechanical models, the result of which its, especially, a decrease in sensitivity to the effects of magnetic distortion and in some cases even immunity to magnetic distortions ( [12] ).
Also, the sensor-segment calibration procedure is no longer based on data from the magnetometer, so the calibration can be done anywhere. Finally, although in the calibration action, the predefined posture ("N", "T" or "A") is assumed by the human subject, under analysis, along with a predefined pattern scaling, advanced mechatronic inertial motion analysis systems allow the use of custom scaling models.
MECHATRONIC INERTIAL MOTION ANALYSIS SYSTEMS ARCHITECTURE
The vast majority of mechatronic inertial motion analysis systems are composed of a hardware subassembly and a software subassembly [2].
Hardware subassembly
The hardware subassembly its generally composed of a MEMS network, a system for fixing individual MEMS to the body of the subject, subjected to the analysis, a central sensory unit and a computing system (PC, laptop, tablet).
The hardware subassembly can be available in two configurations:
-wired configuration, where individual MEMS are connected, via electrical cables, to a central sensory unit. The latter has both the role of capturing signals from MEMS and sending them to a computing system, as well as powering each MEMS. The cumulative data received from the MEMS network can also be sent to the computing system, both, via electrical wires, or a wireless communication system, where these data are sent to the computing system via a wireless router; -the wireless configuration, in which, each MEMS has its own power supply and its own wireless communication system, the data from them being wirelessly sent to central sensory unit, which is directly connected to the computing system.
In general, MEMS-based mechatronic inertial motion analysis systems, employ a number of 17 MEMS, positioned on the lower limbs (3 on the left lower limb and 3 on the right lower limb, one on each major segment, that is a part of each inferior member: the thigh, the tibia and the foot), the pelvis area (one on each side of the pelvis), on the upper limbs (three on each major segment, that is a part of each upper limb: palm, forearm and arm), head, sternum and posterior cervical / thoracic area. These MEMS contain, in the case of advanced mechatronic systems, a combination of at least three sensors:
Certain types of MEMS are also equipped with barometric sensors, such as those produced by Xsens.
The signals from the sensors, that are incapsulated inside each MEMS, are processed using a systemspecific algorithm and then transmitted at relatively low frequencies (about 60Hz), but signal sampling precision is maintained at much higher frequencies (approx. 1kHz).
Besides this standard MEMS configuration, mechatronic inertial systems also allow the use of a number of additional MEMS, which can be placed on various props, which play a decisive role in the analysis (e.g.: Application of an additional MEMS, on a sword, in an analysis session of the movements involved in the manipulation of a sword).
Also, these mechatronic inertial mechatronic systems allow motion analysis to be performed with two or more human subjects (not restricted only to human subjects), without errors due to interference between MEMS networks, or due to interaction between the subjects involved, as they appear sometimes in the case of optical motion analysis systems.
Advanced mechatronic inertial motion analysis systems, based on MEMS, also allow for a motion capture session without the need for an uninterrupted connection (either through electrical wires or wireless) with a computing system, named independent session, in this case, the task of storing the captured motion information, is transferred to the central sensory unit, so that later, after this action is completed, the stored information to be sent towards the computing system in order to be further processed. The duration of a motion capture session, in this case, is limited by both the storage space allocated to this function and the capacity of the battery/batteries that feed the central sensory unit/individual MEMS. This additional capturing and storing function, of the central sensory unit, allows the use of these mechatronic inertial systems in a variety of environments (in narrow spaces, on stadiums, on rough terrain, in open field, or in a forest, etc.) and thus increases the degree of portability / autonomy of the system in question.
Although the system does not explicitly specify, because the central sensory unit has no user interface, in the case of mechatronic inertial systems that allow such independent sessions, it is absolutely necessary to do a sort of calibration at the beginning of each session, this consisting of adopting one of the previously mentioned postures and walking ten steps forth and ten back. After the capture session is completed, when the stored data is transferred towards the analysis software, in the software interface, the user has to choose the same calibration posture as the one adopted in the independent session.
Wireless mechatronic inertial motion analysis systems, based on MEMS, such as those produced by Xsens, contain a radio transceiver system that uses the bandwidth between 2.4-2.5KHz or the bandwidth between 5.2-5, 7KHz, which means that people who take part in the motion capture session are exposed to some level of radiation, but the power is very low, so the exposure does not pose a risk and is well below the internationally accepted safety level of radio frequency. These frequency bands comply with the ISM (Industrial, Scientific and Medical) standard, which is why, before starting an analysis session, the level of RF The Scientific Bulletin of VALAHIA University-MATERIALS and MECHANICS -Vol. 16, No. 15 protection of the medical devices, in the vicinity, must be checked to prevent interferences with it.
From the point of view of how MEMS are placed on the body of the human subject, that is subjected to the analysis, there are, at this time, two solutions:
-placing the MEMS on a belt-type fastening systems.
This positioning system has the advantage that the position of the individual MEMS can be easily adjusted at any point in time, thus allowing MEMS positioning, adaptable to the different requirements of each analysis; -placing the MEMS in a predefined position on an over-elastic bodysuit, that molds on the user's body (see Fig.3 ). This positioning system has the advantage that the position of al the individual MEMS is always the same, no matter the number of consecutive session and also does not matter if the suit was initially removed and then reused -there in no need for a readjustment of the MEMS's positions, thus allowing the session to be repeated, under similar conditions, in this way reducing the total amount of time needed for the analysis process; 
Software subassembly
The software of a mechatronic inertial motion analysis system, based on MEMS, combines spatial positional data, received from MEMS, with a biomechanical human body model, that is specific to each software, in order to obtain the spatial positions of the digitally represented body segments. These kinds of software may have different uses (cinema-animation, video games, medicine, ergonomics, sports), which is why developers of such systems have created two dedicated solutions as follows:
-a solution dedicated to animation systems, especially used in cinematography, video games and virtual reality; -a solution dedicated to motion analysis systems, especially used in medicine, sports and ergonomics.
The software of a mechatronic inertial motion analysis system, based on MEMS, allows real-time processing of information and digital representation, with milliseconds delays, which are only of a visual nature, the analysis process remaining unaffected. There are some software, such as Xsens's MVN Analyze, which allows for a reprocessing of information (postprocessing), thus making it much more accurate than real-time processing. This post-processing, however, implies an increase in the analysis time and the need to use a computing system with superior performance in terms of data processing capacities.
Certain software, such as MVN Analyze, allows for the selection of motion analysis scenarios that differ in how the human subject interacts with the environment, making it easier to get the most accurate results:
-"Single Level" scenario, designed to be used in cases where the subject's interaction with the environment is conducted at a single level, for example at ground floor level. In this case, the contact points with the ground are assumed to be, on the OZ axis, equal to 0. Therefore, if this scenario is to be used in a stair climbing analysis, the height component is lost, each step being considered be positioned at ground level.
-"Multi Level" scenario, designed to be used in analysis that are taking place at different levels, such as stair climbing, sitting and lifting on/off the chair. This scenario, however, implies a small positive drift of the height component.
-"Soft Floor" scenario, designed to be used in analysis that are taking place on a single level, but the floor's surface is not rigid, it is compressible (such as a mattress in a training room), so the level shows some fluctuations in height.
-"No Level" scenario, designed for that kind of motion analysis, in which interaction with the floor does not matter. In this type of scenario, the pelvic area is considered fixed in space, all calculations being related to it. This scenario is especially recommended in the analysis of joint angles in biomechanics, or in activities where contact with the soil cannot be fully defined, for example: skiing, skating.
This kind of system has some limitations, for example, the vertical changes, in a moving elevator scenario analysis, cannot be detected, as the contact points are linked to the elevator's floor, which gives the impression that the subject does not go up or down, but it stays at the same level.
MOTION CAPTURE USING A MECHATRONIC INERTIAL ANALYSIS SYSTEM

The general characteristics of a mechatronic inertial analysis system
Generally, a mechatronic inertial analysis system, based on MEMS, follows human body movements, represented by a biomechanical model consisting of 23 segments: the pelvis, the L5, L3, T12 and T8 spine segments, the neck, the head, the shoulders, the arms, the forearms, hands, thighs, tibia, feet and toes. Of these 23 segments, only 17 have an attached MEMS, the movements of those without an attached sensor are estimated by combining the information received from the 17 MEMS with the biomechanical model.
The kinematics of each body segment is relative to a local, common, Cartesian coordinate system, in which:
-the X axis is perpendicular to the frontal plane of the biomechanical model and has the positive direction determined by the rule of the right hand. This represents the depth coordinate of the interest point into the screen's plane. The X axis can be defined by the user during the calibration operation; -the Y axis is perpendicular to the sagittal plane of the biomechanical model and has the positive direction determined by the rule of the right hand. This is the horizontal coordinate of interest point, into the screen's plane; -the Z axis is perpendicular to the transverse plane of the biomechanical model and has the positive direction oriented towards the sky. This is the This is the vertical coordinate of interest point, into the screen's plane.
The coordinate system of each segment, of the biomechanical model, is constructed in such a way that, when the human subject, under analysis, adopts the "T" position, is aligned with the common, local, coordinate system described above.
Currently, mechatronic inertial motion analysis systems, based on MEMS, obtain the position and orientation of each segment relative to the local coordinate system, by means of complex fusion algorithms, applied to the acceleration, angular velocity and magnetic field, measured. The signals provided by the inductive sensor are complementary to the signals provided by the magnetic sensor and are therefore treated as such by the previously mentioned algorithms.
By integrating the angular velocity, as measured by the gyroscope sensor, an estimate of the orientation, of the segment in question, is obtained, but this can be affected by the integration errors. In order to obtain a time-stable estimation, the magnetic and gravitational components, obtained from the accelerometric and magnetic, sensors, are also taken into account, providing information about orientation and direction.
Estimation of the position is achieved by the double integration of the sensor's free acceleration, which is accurate for short periods of time, but it does not exhibit good stability over long periods of time, being particularly affected by orientation errors.
Combining an appropriate biomechanical model with advanced contact detection algorithms can lead to a correct estimate of the relative position and orientation of each segment as well as the overall body position relative to the environment.
Another source of error is the unstable contact between the MEMS and the body segment onto which it is placed, depending on the thickness and elasticity of the skin and/or the muscle layer (for example, it is preferable to place the MEMS onto the tibia's inner face, which has no muscles insertions, where the low thickness of the elastic tissue, meaning the skin, allows for increased stability, rather than the area of the calf, where the thickness of the elastic tissue, meaning the skin and the muscles, is high), as well as the quality of the possible fabric interposed between the subject's skin and MEMS.
The advanced, mechatronic inertial motion analysis systems, based on MEMS, allow the integration of force/pressure sensors into the analysis process, or to be combined with the optical or radiofrequency systems, to achieve more accurate results.
The calibration process of a mechatronic inertial analysis system
The calibration action is intended to estimate certain body dimensions of the human subject under analysis (which must also take into account the shoes sole thickness, if the human subject is equipped with shoes, during the analysis) and to estimate the orientation of the MEMS in relation to the body segments onto which they are placed (see Fig.4 ).
The origin of the segment is usually positioned in the proximal center of the joint, which is the functional rotation center.
The position of the anatomical elements is not directly measured, as in the case of optical analysis, but results from the processing of MEMS information regarding the accelerations, angular velocities and rotations, combined with the biomechanical model. By measuring certain distances between the floor and/or certain anatomical skeletal protuberances, of the subject's body, the contact points with the environment and also the elements required for scaling the virtual dummy, are determined. The latter representing only an abstract visual representation of the human skeleton, in which certain bone segments are not individually represented, but grouped together with a well-defined body segment, such as: the thoracic cage is fixed together with the T8 vertebra, which has assigned the sternum's MEMS; the vertebrae are not directly measured, but are interpolated between the pelvis's, sternum's and head's MEMS, in accordance with a model of the spine and have joints located in the centers of rotation of the vertebrae. Similarly, the bone segments of the hand, neck and foot, are calculated and represented.
Rotation within a joint is currently defined by the orientation of the distal to the proximal segment.
The required dimensions of body segments, of the calibration are:
-the height of the ankle, is considered to be the distance from the ground to the center of the lateral malleolus;
-the height of the knee, is considered to be the distance from the ground to the center of the epicondyle lateral;
-the height of the hip, is considered to be the distance from the ground to the center of the great trochanter;
-the width of the hip, is considered to be the distance between the ante-superior iliac crests; -arm span, is considered to be the distance from the tip of the middle finger of the right hand to the tip of the middle finger of the left hand; -shoulder height, is considered as the distance from the ground to the acromion; -shoulder width is considered as the distance between the right and left hand's acromion; -foot length is considered to be the distance from the tip of the longest toe to the tangent with the heel; -the height of the subject under analysis.
These dimensions are to be inputted into a user's interface window and used by motion analysis software to scale up the virtual model of the subject.
A very important function provided by some motion analysis software, such as MVN Analyzes, developed by Xsens, is to verify the proper activation and assignation of each individual MEMS on the body segment for which it is intended, because each MEMS has a unique assignment.
High performance mechatronic inertial motion analysis systems, allow the MEMS to be relocated if one of them is defective and needs to be replaced, or if a mistake has occurred in their positioning and a resumption of the entire operation is no wanted, although each of them has assigned a unique ID, that links them to a particular body segment, this being done by the user, by reallocation of the unique ID, within the MEMS activation and assignation identification window.
After the required measurements have been inputted and the activation and assignation, of the MEMS's, is verified, the next step in the calibration process is the estimation of each individual MEMS's position, on the corresponding body segments, also called "sensorsegment" calibration. For this, it is necessary for the subject under analysis, at first, to adopt one of the two previously mentioned positions ("N" or "T"), after which the subject must walk a number of steps forth and back. Within these postures, the positions of the body's segments are considered to be known and therefore it is necessary for the subject to maintains the imposed posture, as stable as possible, for a few seconds. The "N" posture is increasingly used in inertial motion analysis systems because it is considered to be "immune" to magnetic distortions.
Another faze of the calibration process is to define of the positive direction of the X axis. In the abovementioned postures, the subject should be oriented towards the inside of the surface in which the analysis is carried out, which will determine the positive direction of the X axis, the origin of the common, local coordinate system, is to be considered as being positioned in the right heel. In the case of multi-subject analysis, this local coordinate system, previously mentioned, is a reference system for all subjects undergoing analysis. Also, in this case, it is necessary that all the subjects in question will have to start the calibration from the same place, eventually this place being represented by a mark on the surface on which the analysis will take place. However, most motion analysis software allows for subsequent change of direction and initial position.
CONCLUSIONS
Inertial motion analysis systems do not have an absolute positioning system, so spatial positioning errors will occur over time. For short sessions, these errors are in the order of centimeters, and in case of multi-subject sessions, the positions of the subjects can accumulate significant errors.
In order to minimize the positional drift, the analysis software uses the contact points between the subject under analysis and the environment, these being typically anatomical skeletal protuberances, considered to have the potential to interact physically with the environment, for example: the heel, the elbow, or the knee (see Fig.5 ). In a Xsens's technical report, from March 2018, entitled "Consistent Tracking of Human Motion Using Inertial Sensing" [12] there were some extremely important conclusions regarding the quality of walking and running analysis, using the Xsens's inertial motion analysis system (composed of the MVN Link, the motion capture system and MVN Analyze, the motion analysis software), compared to the same walking and running analysis, conducted using the Qualisys optical capture system (which contains eight video cameras) and the OpenSim motion analysis software. The main conclusions are:
-the standard deviation of the angles, in the sagittal plane, between the inertial system produced by Xsens and the optical system composed of Qualisys and OpenSim, is less than 5 degrees, and for angles outside the sagittal plane, it is somewhat larger, due to the fact that OpenSim applies constraints to the angles of the knee and ankle and therefore does not make an estimate of these, outside the sagittal plane. If these constraints are removed, the correspondence of the values between these two systems is quite good; -in the case of running, carried out over a period of 90 minutes, at different speeds and in conditions of significant electromagnetic disturbances, it was found that the angles of the ankle, knee and hip, obtained with the Xsens inertial system, are mostly corresponding, with those obtained with the optical system mentioned.
